The versatile optical and biological properties of a localized surface plasmon resonance (LSPR) sensor that responds to protein conformational changes are illustrated. The sensor detects conformational changes in a surfacebound construct of the calcium-sensitive protein calmodulin. Increases in calcium concentration induce a 0.96 nm red shift in the spectral position of the LSPR extinction maximum (λ max ). Addition of a calcium chelating agent forces the protein to return to its original conformation and is detected as a reversal of the λ max shift. As opposed to previous work, this work demonstrates that these conformational changes produce a detectable shift in λ max even in the absence of a protein label, with a signal:noise ratio near 500. In addition, the protein conformational changes reversibly switch both the wavelength and intensity of the resonance peak, representing an example of a bimodal plasmonic component that simultaneously relays two distinct forms of optical information. This highly versatile plasmonic device acts as a biological sensor, enabling the detection of calcium ions with a biologically relevant limit of detection of 23 μM, as well as the detection of calmodulin-specific protein ligands.
T he structure of a protein directly impacts its function. In a healthy cell, protein activity is precisely controlled through conformational changes induced by ligand binding, pH, or ionic strength. Protein misfolding or improper modulation of protein conformation can lead to the onset of several diseases, including Alzheimer's, Huntington's, Parkinson's, and diabetes. 1, 2 Understanding the dynamic behavior of proteins is, therefore, extremely important in the development of disease diagnostics and therapeutics. Protein replacements or chaperones have been used to treat protein-related diseases; 3 however, the efficacy of these treatments and development of new therapies are dependent upon the quality of the tools used to characterize structural variations in proteins.
X-ray crystallography is a frequently utilized tool for characterizing protein structure and can reveal atomic-level details in the structure of a protein. However, because proteins must be crystallized for characterization, this method prohibits the observation of dynamic structural changes. A host of other methods are more suitable for gathering information about structural changes in real time. These can roughly be divided into two categories based on whether they characterize the secondary or tertiary structure of a protein. Secondary structure analytical tools, including circular dichroism, FT-IR and Raman spectroscopy, and NMR, focus on quantifying the degree of R-helix, β-sheet, or unfolded conformation in a protein. 4 NMR can be used to obtain detailed information about the positions of secondary structure components within a protein, but complexities involved with assigning chemical shifts hinder real-time analysis. 5 Analysis of amide vibrational bands with FT-IR and Raman spectroscopy reveals information about protein helicity and, when performed at terahertz frequencies, can provide information about solvation and motion during protein folding. 4, 6 Circular dichroism is often used to monitor protein folding in real time, though high acquisition averaging or long scan times are required to reduce noise in kinetic measurements. 4 Tools for analyzing tertiary structure primarily provide information on global protein properties, such as radius of gyration or refractive index. Small-angle X-ray and neutron scattering (SAXS and SANS, respectively) provide information about the size and shape of solution-phase proteins with nanometer resolution. 7, 8 Fluorescence methods such as fluorescence resonance energy transfer (FRET) 9, 10 and total internal reflection fluorescence (TIRF) 11 provide real-time detection of nanometer-scale conformational changes but require the protein to be labeled in vitro with Nano Letters LETTER fluorescent molecules. Surface plasmon resonance (SPR) was purported to detect protein conformational changes based on refractive index, 12, 13 but pH effects in the matrix layer in which the protein was embedded were subsequently shown to dominate the sensor response.
14 Vibrational techniques based on quartz crystal microbalance (QCM) 15 and acoustic shear wave propagation 16 have been used to monitor conformational changes in calmodulin by measuring changes in the resonant frequency of crystal oscillation. Although conformational changes were detected, the relatively low signal:noise ratio presents a serious limitation for this approach.
In this work we describe the application of localized surface plasmon resonance (LSPR) spectroscopy to the study of protein conformational changes. LSPR refers to the collective oscillation of conduction electrons that occurs when light impinges on nanoscale noble metal surfaces. This collective electron oscillation gives rise to wavelength-selective extinction and enhanced electromagnetic fields at the nanoparticle surface. 17 The most commonly used nanoparticle materials (silver and gold) have extinction peaks in the visible and near-IR region of the electromagnetic spectrum. The exact spectral position of the extinction peak (λ max ) depends on nanoparticle size, shape, composition, and local refractive index. 18 The dependence of λ max on refractive index is utilized in LSPR biosensing applications, where ligandbinding to a surface immobilized receptor results in refractive index increases and gives rise to shifts in the position of λ max . 19 Unlike SPR, which utilizes planar metal films that support propagating plasmons with z-direction 1/e decay lengths of ∼200 nm, the enhanced electromagnetic fields in LSPR are strongly localized, with 1/e decay lengths of ∼5-10 nm in any direction normal to the nanoparticle surface. 20, 21 Further, in LSPR the decay length can be tuned by varying the nanoparticle size, shape, and composition. As a result, LSPR sensors are largely insensitive to bulk refractive index changes and "selectively" respond to nanoscale analytes at the nanoparticle surface. This localized sensitivity has been utilized to detect structural changes in supported lipid bilayers, 22 and was shown to detect conformational changes in a labeled protein. 23 Improvements in LSPR instrumentation have reduced the standard deviation in λ max measurements to the order of 10 -3 nm, 23, 24 providing a signal:noise ratio of 10 3 -10 4 for typical ligand binding events. Here, we demonstrate for the first time that this extreme sensitivity to local refractive index allows the detection of reversible tertiary conformational changes in an unlabeled calmodulin protein and describe the unique biodetection capabilities conferred by the resulting plasmon switching response. Calmodulin was chosen as the plasmonic response modulator because it is a ubiquitous and highly conserved intracellular protein whose activity is regulated by intracellular calcium concentration. This 17 kDa protein consists of N-and C-terminal globular domains connected by a flexible, predominantly R-helical linker. [25] [26] [27] [28] Each globular domain binds two Ca 2þ ions via EF-hand helixloop-helix motifs. Calcium binding occurs cooperatively 29 and induces a conformational change that exposes N-and C-terminal hydrophobic pockets not present in the Ca-free (apo) form of the protein. 30 These hydrophobic pockets allow calmodulin to bind to aromatic and aliphatic side chains on over 100 different target enzymes and proteins. [31] [32] [33] In its Ca-bound state, calmodulin adopts a relatively rigid dumbbell-like structure 6.5 nm in length. 25 NMR studies of apo-calmodulin revealed a more compact conformation with greater disorder in the helix linker regions, suggesting increased flexibility in the Ca-free state. 30 SAXS studies also revealed differences in the hydrodynamic radii of the two conformers, with the Ca-bound state extending in radius by approximately 1 nm. 34 Thus, the Ca-bound and Ca-free states of calmodulin are marked by distinct structural differences that we hypothesized could be distinguished based on LSPR λ max . We show that conformational changes in surface-immobilized calmodulin can be tracked in real-time based on LSPR spectral shifts, allowing the determination of kinetic rates for reorientation of the calmodulin monolayer. In addition, equilibrium LSPR shifts are used to determine the calcium affinity constant, and the LSPR sensor is shown to exhibit physiologically relevant sensitivity to calcium concentration and calmodulin-specific ligands. The plasmonic switching behavior induced by calmodulin conformational changes exhibits an interesting bimodal character that could potentially be utilized in optoelectronic devices.
Nanosphere lithography (NSL) 35 was used to create monodisperse, surface-confined Ag nanoprisms on glass according to a previously published procedure. 36 For all experiments, 80 nm of Ag (D. F. Goldsmith) was evaporated over 390 nm polystyrene nanospheres in order to create nanoprisms with approximate inplane widths of 100 nm and out of plane heights of 80 nm. Fabrication details can be found in the Supporting Information. The Ag nanoparticle substrates were then functionalized with a self-assembled monolayer (SAM) prepared in-house according to a previously published procedure. 37 Substrates were incubated in a 1 mM ethanolic solution of 96% hydroxyl-terminated triethylene glycol thiol and 4% maleimide-terminated triethylene glycol thiol for 24-48 h and then rinsed with ethanol and dried in N 2 . The substrate was then immediately drop-coated with a 1 mM solution of a phosphonate capture ligand in DMSO for 30 min at 35°C. Finally, cutinase-calmodulin constructs were immobilized by exposing the phosphonate-terminated SAM surface to a 500 nM solution of the protein construct in 20 mM, pH 8.0 Tris buffer at room temperature. The reaction was followed in real time until it reached completion, generally ∼15 min. The reaction was considered complete when dλ max /dt reached zero.
Cutinase-calmodulin is a fusion protein construct containing an N-terminal cutinase fused to a C-terminal calmodulin domain linked through a short, flexible GGGS peptide linker. In previous work 23 we designed and cloned a similar construct, cutinasecalmodulin-cutinase, to achieve the three domain fusion protein.
For this work, we used the truncated cutinase-calmodulin (CutCaM) fragment generated in the aforementioned work for cloning this gene fragment into a pET-21d (Novagen) vector between the N-terminal NcoI and C-terminal XhoI sites. A BamHI site separates the cutinase-and GGGS-calmodulin domains (see Supporting Information for complete details).
The recombinant CutCamCut construct has an overall mass of 63 kDa, with the calmodulin domain contributing 19 kDa and each cutinase domain contributing 22 kDa. The N-terminal cutinase on CutCamCut is rendered inactive by mutagenesis of an active site serine residue to alanine, ensuring that each construct is anchored to the nanoparticle surface by the C-terminal cutinase only.
Macroscale UV-vis extinction measurements were performed in standard transmission geometry with unpolarized light coupled into a photodiode array spectrometer ( model BRC711E, BWTek, Newark, DE) using lenses. The probe diameter was approximately 1 mm. A home-built flow cell was used to control the external environment of the Ag nanoparticle substrates. A program written in Labview (National Instruments, Austin, TX) was used to acquire spectra and provide real-time readout. The real-time response of CutCaMCut was recorded with 600 ms integration times and no averaging, with the maximum wavelength determined by fitting a 100 nm spectral region around the peak to a fourth order polynomial. The real-time response of CutCaM was recorded with a 300 ms integration time and averaged twice, with the maximum wavelength determined by fitting a 150 nm spectral region around the peak to a 20th order polynomial. To improve the signal:noise ratio for the CutCaM measurements, the intensity of the light source was maintained near the saturation level of the spectrophotometer (this required the light source intensity to be increased 3-fold for the nanoparticle surface compared to the nanoparticle-free reference surface). All spectra and λ max time traces were recorded in an aqueous environment containing 20 mM Tris buffer at pH 8.
Anthrax edema factor (EF) was prepared according to procedures described previously. 38 Specific interaction with surfacebound calmodulin was assayed by exposing the CutCaMCutfunctionalized sensor to 1 μM EF in the presence of 100 μM CaCl 2 . Protein binding proceeded over a 30 min period. The LSPR λ max was monitored throughout the assay. Following binding, the sensor surface was rinsed with 20 mM Tris to remove physisorbed species.
This study aimed to demonstrate label-free LSPR-based detection of protein conformational changes. Our previous study using LSPR biosensors for the detection of protein conformational changes utilized a recombinant calmodulin construct with both C-and N-terminal cutinase labels. 23 The C-terminal cutinase served to immobilize the construct, while the N-terminal moiety acted as an extra dielectric label to enhance the LSPR signal. In the presence of the N-terminal cutinase label, calmodulin conformational changes induced shifts in the LSPR λ max of 2.2 nm, amounting to a signal:noise ratio of over 500. Although the conformational changes were easily detectable, labels are undesirable because they can alter the structure and activity of a protein. We therefore sought to assess the sensitivity of LSPR biosensors to conformational changes in unlabeled calmodulin.
In this work, calmodulin was selectively immobilized on surface-confined Ag nanoprisms by utilizing a recombinant protein construct in which only the C-terminal end of calmodulin is fused to a cutinase domain. 37 The cutinase moiety forms a covalent bond with self-assembled monolayers (SAMs) presenting terminal phosphonate groups, allowing label-free calmodulin to be flexibly and uniformly oriented at the nanoprism surface. Irreversible binding of the calmodulin construct (hereafter CutCaM) was verified by monitoring λ max as a function of time (Figure 1) . Saturation of the surface-bound phosphonate ligands was ensured by allowing the reaction to proceed until dλ max /dt reached zero. Subsequent rinsing of the nanoprism surface removed any physisorbed species. A representative immobilization shows a λ max shift of 3.81 nm to the red upon CutCaM binding, indicating a refractive index (R.I.) increase at the nanoprism surface due to CutCaM immobilization. This red shift lies within the expected Δλ max range for adsorption of a monolayer of protein, which typically ranges from 3 to 15 nm depending on the size of the protein.
This work demonstrates the first reported detection of conformational changes in an unlabeled protein. To induce conformational changes in the surface-bound calmodulin, the CutCaM-functionalized nanoprism surface was exposed to sequential 5 min cycles of 2 mM CaCl 2 and 2 mM EGTA. All solutions were buffered using saline-free Tris at pH 8 in order to minimize effects due to pH changes. Calcium binding to calmodulin triggers a transition to the "open" conformation, in which the length and radius of gyration of the protein increase. Chelation of calcium ions by EGTA triggers a reversion to the "closed" conformation ( Figure 2A ). The λ max of the LSPR sensor was monitored at 600 ms intervals over the entire CaCl 2 /EGTA cycle. Conformational transitions were detected by shifts in the λ max of the LSPR sensor ( Figure 2B ). The λ max changes were repeatable over several cycles and had an average magnitude of 0.96 ( 0.06 nm, with red shifts occurring in response to calmodulin opening and blue shifts occurring in response to calmodulin closing. As a comparison, these shifts are plotted next to the shifts previously observed from cutinase-labeled calmodulin (CutCaMCut). As expected, the response from label-free calmodulin is smaller due to the lower mass of the mobile portion of the protein construct (19 kDa) compared to the mass of the mobile portion of the CutCaMCut construct (41 kDa). The sensor response can be approximated by eq 1
where m is the sensitivity factor in nm/RIU, Δn is the change in refractive index, d is the thickness of the adsorbed dielectric layer, and l d is the decay length of the electromagnetic field at the nanoparticle surface. Assuming a dielectric layer thickness that saturates the electromagnetic decay length, the response can be approximated by mΔn. Using the experimentally determined m value for this sensor of 241 nm/RIU ( Figure S1 , Supporting Information), we calculate the R.I. change for label-free calmodulin to be 4 Â 10 -3 RIU, and the R.I. change for cutinaselabeled calmodulin to be 9 Â 10 -3 RIU. Thus, the R.I. change for CutCaMCut is roughly twice as large as the R.I. change for CutCaM, in keeping with the mass differences between the two constructs. The standard deviation (σ) in λ max for the CutCaMfunctionalized sensor was further reduced from previous work down to 2 Â 10 -3 nm, providing a signal to noise ratio of roughly 5 Â 10 2 in response to the protein conformational change. Taking the smallest detectable shift to be 6 Â 10 -3 nm (3σ), this sensor is capable of detecting refractive index changes as small as 2.5 Â 10 -5 RIU. Monitoring λ max changes in real time enabled the determination of the kinetics of the conformational change. The conformational transition can be approximated by a two-step process according to
where k 1/-1 are the forward and reverse rates for calcium ion binding to calmodulin and k 2/-2 are the forward and reverse rates for the calcium-induced conformational change. Because the binding of calcium ions involves a negligible mass change that cannot be detected by LSPR and because calcium binding occurs on a time scale 10 4 times faster than the conformational change, 39 only the rate k 2 is observed during the forward process. During the reverse process, calcium release occurs on a similar time scale to the conformational change, 39 and the observed rate is a convolution of k -2 and k -1 . For simplicity, we designate the forward and reverse rates by k open and k close , respectively. Data were fit to a first-order kinetic model according to
where A is Δλ max at the final time t, k is the rate in s -1 , and B is a correction for linear drift in the baseline over time due to solvent annealing effects (previously described elsewhere). 40 These fits revealed opening and closing rate constants of 0.059 ( 0.01 and 0.13 ( 0.06 s -1 , respectively, where the error is the calculated standard deviation from five repeat cycles on a single sample ( Figure 2C ). These opening and closing rate constants agree well with the rate constants previously observed for the N-terminally labeled calmodulin construct (CutCaMCut) of 0.033 ( 0.003 and 0.125 ( 0.02 s -1 , respectively, indicating that the additional cutinase label had a modest impact on the kinetics of the conformational transition to the open state and no impact on the transition to the closed state. This observation suggests that protein labels do not always necessarily disrupt the kinetics of conformational changes and may be advantageous in formats where sensitivity is a concern. However, the rates observed for surface-immobilized calmodulin deviate significantly from conformational transition rates previously observed in solution. Previous studies demonstrated that calmodulin opening and closing rates occur on a microsecond to millisecond time scale, 39, 41, 42 in agreement with the consensus that the physiological role of calmodulin is to act as a fast responder to transient calcium signals. The slower kinetic rates observed in this work may indicate that the transition being observed is a packing rearrangement in the calmodulin monolayer. Steric interactions between adjacent proteins may create an energetic penalty that slows this process. The observed rates are also limited by mixing and diffusion processes and should more closely agree with rates observed in solution once these mixing limitations are overcome. Future work will aim to elucidate possible fast and slow processes that occur during conformational transitions in surface-confined protein layers through the incorporation of rapid-mixing devices or photolabile calcium compounds and by varying the density of the immobilized calmodulin construct.
In order to understand how the observed LSPR shifts in response to calmodulin conformational changes correspond to the surface orientation of the protein, we modeled the LSPR response to an adsorbed dielectric layer with changing thickness and refractive index. In the presence of a dielectric layer, the LSPR response can be approximated by a modified version of eq 1
where n eff is the effective refractive index over the entire enhanced electromagnetic field at the nanoparticle surface. The effective refractive index is a weighted average of the refractive index at each distance z from the nanoparticle surface, as described by 43 n
where n(z) is the refractive index at height z. Because the EM field strength decays exponentially away from the nanoparticle surface, the refractive index closest to the nanoparticle surface contributes most heavily to the LSPR response. The effective refractive index and resulting LSPR response are therefore dominated by the refractive index within the first few nanometers of the surface. In a traditional LSPR bioassay, the binding of proteins or antibodies to surface-bound receptors creates an additional dielectric layer, increasing both z and n(z) and producing a red shift in λ max . When conformational changes are detected, however, the total mass of the adsorbed protein layer remains constant. The LSPR response in this case is determined by changes in the density and refractive index of the adsorbed protein layer that occur as a result of the conformational change. For example, extension of calmodulin away from the nanoparticle surface in response to calcium binding will result in both an increase in the height and a decrease in the density of the protein monolayer. Referring to eq 4, we see that height increases (z) lead to larger n eff and produce red shifts in the LSPR, while density decreases lead to a lower refractive index (n(z)) and produce blue shifts in the LSPR. The result of these competing effects on the overall LSPR response was modeled using eqs 3 and 4, where n eff for the dielectric layer ranges between 1.33 (water) and 1.6 (protein) and the EM decay length l d is taken to be 5 nm (Figure 3 ). This modeling revealed that, for a fixed amount of protein, the LSPR response is dominated by density rather than height changes in the protein monolayer. Thus, denser and shorter monolayers induce red-shifted extinction maxima, and taller, less dense monolayers induce blueshifted extinction maxima. In this study we observed a red shift in response to calcium binding, indicating that calmodulin adopts a more densely packed conformation close to the nanoparticle surface in the presence of calcium. This suggests that, in response to calcium binding, calmodulin extends in a direction that moves the center of mass of the protein closer to the nanoparticle surface. The direction of this extension and the preference for calmodulin to create a dense monolayer on the surface may be influenced by hydrophobic interactions between adjacent proteins: upon calcium binding, the conformational change in calmodulin exposes surface hydrophobic pockets on the N-and C-terminal domains that enable binding of protein targets. 30 In the absence of protein targets, interprotein interactions via these hydrophobic pockets may force calmodulin into a denser packing formation. To quantitatively assess how these LSPR results compare to the expected SPR response, we also used eqs 3 and 4 to model the response for a surface with an EM decay length of 200 nm. From the modeled SPR response curve, it is apparent that the longer EM decay length dramatically reduces the sensitivity to small refractive index changes occurring close to the sensor surface. A schematic representation of the relative EM decay lengths for LSPR and SPR sensors, depicting the volume of the sensing region occupied by a roughly ∼10 nm diameter protein in each case, is shown in Figure 3B . These modeling results demonstrate why SPR sensors have previously failed to detect conformational changes in protein monolayers and why LSPR sensors provide an advantage in this application.
One of the unique consequences of LSPR-based conformational change detection is the presence of bimodal switching behavior in the LSPR plasmon peak. Although LSPR detection is typically based only on the magnitude and direction of spectral shifts in λ max , valuable information can be obtained from monitoring changes in the extinction intensity as well. Mie theory describes a linear dependence of the extinction intensity on the refractive index at the nanoparticle surface. In addition to observing reversible λ max wavelength shifts in response to calmodulin conformational changes, we also observed reversible changes in the extinction intensity (Figure 4 ). These intensity changes had an average value of 0.002 (a.u.) with a standard deviation in the intensity value of 1.5 Â 10
, providing a S/N ratio of 130. Although the higher S/N ratio for λ max wavelength measurements makes λ max a more attractive parameter for the measurement of conformational changes, the presence of bimodal switching could provide unique advantages in sensing and optoelectronic applications. Plasmonic devices offer a means to overcome the size and speed limitations of conventional electronic circuits by providing a means to transmit digital information using light at subwavelength dimensions. 44 Tunable plasmonic devices capable of concurrently transmitting two forms of optical information could be a valuable asset in these devices.
In addition to demonstrating the detection of protein conformational changes, we also aimed to determine the utility of the LSPR sensor for alternative biodetection applications. In order to maximize the sensitivity of the sensor for these applications, we chose to utilize the labeled CutCaMCut construct as the surface receptor. With this construct we demonstrated the detection of calcium and calmodulin-specific ligands. Calcium detection is typically achieved using fluorescent dyes or electronic meters with dynamic ranges in the nanomolar to millimolar regime. However, the detection of small molecules (<100 Da) has previously posed a challenge for plasmonic sensors. By taking advantage of calmodulin conformational changes that occur in response to calcium, we were able to detect the binding of only 600 fmol of Ca 2þ /cm 2 at full calmodulin saturation. By measuring the LSPR response to calcium concentrations ranging from nanomolar to millimolar and fitting the resulting curve to the langmuir equation
we calculated a dissociation constant (K d = 1/K a ) for the calcium-calmodulin interaction of 52 μM ( Figure 5A ). At low concentrations, a small nonspecific response due to changes in the bulk refractive index gives rise to a baseline Δλ max of 0.1 ( 0.012 nm, as indicated by the dashed line in Figure 5A . Taking the minimum detectable shift to be 0.124 nm (three standard deviations above the maximum baseline) and using the calculated K d , the limit of detection of the LSPR calcium sensor is 23 μM. It is significant that this LOD lies at physiologically relevant calcium concentrations. This feature could be utilized for the detection of calcium transients capable of triggering cellular signaling cascades. As an important intracellular calcium messenger, calmodulin is uniquely poised to detect only calcium transients that lie above a biologically significant threshold. Finally, we demonstrated the detection of anthrax edema factor (EF), a calmodulin-specific ligand that, in conjunction with two other protein factors, is responsible for anthrax toxicity. 45, 46 Calmodulin binding to EF induces a structural transition in EF that activates the enzyme for catalysis. 47 This activation allows EF to catalyze the conversion of ATP to cAMP, causing fluid loss in affected cells. It has been shown that the EF enzyme binds to calmodulin in a calcium-sensitive manner, with optimal binding affinity occurring at calcium concentrations above 10 μM. We therefore monitored the binding of 1 μM EF to surfacebound CutCaMCut in the presence of 100 μM CaCl 2 . The LSPR λ max shifted 6.6 nm in response to EF binding ( Figure 5B ). The shift due to EF binding was larger than the shift due to CutCaMCut immobilization, as expected based on the size of EF (80 kDa) compared to CutCaMCut (63 kDa). A nonspecific binding assay in which the CutCaMCut surface was exposed to bovine serum albumin demonstrated no changes in λ max in reponse to the noncalmodulin specific ligand ( Figure S2 , Supporting Information), indicating that the EF-CutCaMCut interaction was specific. Because of its promiscuous interactions with a wide variety of ligands, calmodulin can act as a useful surface receptor for over 100 proteins of interest.
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Perhaps the most striking conclusion from this study is the versatility of this calmodulin-based LSPR sensor. We demonstrated initially that the LSPR λ max is sensitive to protein conformation, and by monitoring λ max as a function of time, we can study the rates of conformational transitions. In addition, the direction of the observed λ max shift provides information about the surface orientation and density of the protein monolayer. In this case, calmodulin extends in a way that creates a more densely packed monolayer in response to calcium binding. Although we could not draw any conclusions about the precise secondary or tertiary structural changes that occurred as a result of the conformational transition, the LSPR sensor is nonetheless a valuable tool for studies in which the goal is to ascertain whether or not a structural change occurs in response to an external stimulus. The LSPR sensor could also be used to detect protein folding processes, for example by immobilizing a denatured protein on the LSPR sensor, then altering environmental conditions to induce folding. Protein folding should be accompanied by large changes in refractive index due to the changes in density that occur in transitioning from the unfolded to folded state and should be detectable with even larger S/N ratios than reported in this work.
In addition to monitoring changes in protein structure, the LSPR sensor utilizes calmodulin conformational changes to enable the detection of small molecules that are otherwise "invisible" to plasmonic sensors. There is a strong motivation to develop sensors capable of detecting small molecules for applications ranging from water quality analysis to drug screening. This type of detection is challenging using conventional ligand interaction assays because of the large size differences between the receptor and the small molecule analyte. Previous work 49, 50 demonstrated that changes in the absorption properties of chromophoric proteins in response to small molecule binding can alter resonant interactions between the protein and nanoparticle, inducing a significantly enhanced LSPR response. Thus, chromophoric proteins offer a unique signal transduction method for the detection of small molecules. This study illustrates how conformational changes in proteins can likewise induce much larger LSPR shifts than expected based on small molecule binding alone. Taking advantage of the unique structural and optical properties of proteins will open up avenues for detecting a variety of molecular ligands that were previously undetectable using plasmonic sensors. Furthermore, the small (∼1 cm) sensor format and easy spectroscopic readout of LSPR sensors presents the possibility of incorporating LSPR detection into portable sensors for field use.
This study demonstrated the detection of conformational changes in the intracellular protein calmodulin, in what is the first reported detection of conformational changes in an unlabeled protein using a plasmonic sensor. Calmodulin conformational transitions in response to calcium were detected by shifts of approximately 1 nm in the LSPR λ max . Although these shifts are significantly smaller than typical Δλ max values reported for protein binding assays, the extremely low noise level of 2 Â 10 -3 nm in our spectroscopic measurements provides a S/N of nearly 500 for the conformational change measurement. The relatively small size of calmodulin (19 kDa) suggests that LSPR sensors can also be utilized to detect conformational changes in a host of other proteins with masses as small as only a few kilodaltons. Monitoring the λ max response to conformational changes in real time enabled the determination of the kinetics of the transition and could also be utilized to measure the rates of other protein structural changes such as folding and unfolding.
In addition, the wide range of applications for the LSPR sensor described in this work illustrates the diverse functionality that can be conferred upon biosensors by taking advantage of the unique properties of biomolecules. The calmodulin-based LSPR sensor performs four distinct functions: (1) detection of protein conformational changes, (2) detection of protein-ligand interactions, (3) detection of small molecules such as calcium, and (4) bimodal plasmonic switching. These functions can be utilized for a wide array of applications, including the study of protein structure and function, quantification of aqueous calcium concentrations, and development of tunable and switchable plasmonic devices. Utilizing other proteins with distinct conformational triggers;light, pH, metal ions, etc.;will further expand the range of functions of LSPR sensors. This work represents one example of how the properties of biomolecules can be harnessed in order to improve and diversify detection capabilities.
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